The genetic manipulation of large plasmid DNA often requires the fortuitous presence of convenient restriction enzyme sites. For large plasmids, such as those containing full length recombinant adenovirus, it is desirable to direct the cloning or sequence alterations without having to depend on such convenient restriction sites. We report a general and efficient method to modify or clone large covalently closed circular DNA molecules at any predetermined sequence. This procedure involves two main steps. First, supercoiled DNA is hybridized to a short pre-selected synthetic oligonuKeywords: D-loop; homologous recombination; human adenovirus; S1 nuclease
The genetic manipulation of large genomes as bacterial plasmids, can be highly complex and may often involve many subcloning steps before making the final product. Thus, unless there are pre-existing convenient restriction sites, the production or alteration of large recombinant DNA molecules, such as the human adenoviral genome, can be an arduous and labor-intensive task. This process became simplified by the use of homologous recombination of overlapping sequences in E. coli. [1] [2] [3] Although this method proved to be extremely useful, it is still dependent on the presence of convenient restriction sites in order to generate the desired linear DNA molecule to function as the target for recombination at the point for genetic alteration. Recently, Zhang et al 4 demonstrated the direct cloning of a linear insert into a circular vector by homologous recombination in E. coli, without depending on restriction sites. However, in order to eliminate the background produced by the circular vector, a second selectable gene has to be introduced in the system, as well as sites for specific-recombinases such as FTRs and loxPs, and at least two additional modifications have to be executed to eliminate these sequences from the final construct, making the process quite complicated. It is possible, however, to direct the insertion of a DNA at a desired sequence without using restriction sites or post-modifications.
One way to accomplish this, as we describe in this report, is to use torsionally stressed supercoiled plasmid cleotide to form a D-loop. This hybrid is then linearized in vitro at that target site by digestion with S1 nuclease. Second, D-loop/S1 linearized DNA is transformed into E. coli with a second linear DNA fragment carrying a foreign gene flanked by sequences homologous to the target site. In vivo recombination results in the desired recombinant construct. We demonstrate the use of this method by cloning the SV40 origin of replication into the E3 transcription unit of human adenovirus type 5. Gene Therapy (2000) 7, 583-586.
DNA which will allow the stable strand displacement by a complementary small DNA fragment and form a stable D-loop structure. As such D-loops have displaced single stranded DNA, this DNA can then be specifically cleaved by single strand-specific nuclease, such as S1 nuclease. Using this approach, it has been possible to create point mutations 5 and deletion mutants in circular DNAs. 6 These prior applications used relatively large restriction fragments. However, if a similar D-loop formation could be stabilized using shorter synthetic oligonucleotides, the method would then allow the sequence specific cleavage of any known sequence within a plasmid. Then, in combination with homologous recombination, this linear molecule would generate large recombinant DNA. We demonstrate the utility of the method by using an oligonucleotide complementary to the E3 transcription unit of adenovirus to generate a sequence specific strand-displaced D-loop on a supercoiled DNA plasmid. This hybridized complex can be isolated and incubated with S1 nuclease to digest the exposed single strand, which relaxes the target DNA and releases the oligonucleotide. When the linear vector is co-transformed into E. coli, strain BJ5183, along with a second DNA fragment carrying the foreign gene or expression cassette to be cloned, in vivo homologous recombination generates the desired recombinant product ( Figure 1 ). The construction of full-length Ad5 plasmids has been previously reported. 1, 7 However, in our experience, these plasmids were often unstable when used as starting material for homologous recombination in E. coli (data not shown). As it seemed likely that the high copy number of either parental plasmid pJM17 7 or pTG3602 1 might 
Plasmid DNA was isolated from ampicillin (10 mg/ml) resistant colonies and analyzed by restriction digest to identify the correct pAd520 construct. X, homologous recombination. (c) Construction of plasmid pAd5E3SV40. The 5.4 kb HindIII fragment containing the Ad5 E3 transcription unit was isolated from plasmid pAd520 and cloned into plasmid pBR322 to generate plasmid pAd5E3. The 273 bp SV40 ori region was PCR-amplified from plasmid pcDNA3 (Invitrogen, Carlsbad, CA, USA) using primers SV40-BstX I-F (5′-CCCGCTCCCACCACTGTGGTTGACATTGATTATTGACT-3′) and SV40-BstX I-R (5′-CTCGCCCCACAGTGGTGGGAGCTCTGCTTATATAGACC-3′) (94°C 2 min, 1 cycle; 94°C, 30 s/52°C, 30 s/72°C, 50 s, 30 cycles), cut with BstXI and cloned into plasmid pAd5E3 to generate plasmid pAd5E3SV40. Not to scale.
be a problem for stability, we constructed the low copy number plasmid pAd520 (Figure 2b) , consisting of the PacI 36 kb Ad5 fragment inserted in plasmid pBgWS (Figure 2a) at the BglII site. The resulting plasmid (pAd520) was successfully used for homologous recombination in the construction of pSV4057, containing the entire Ad5 genome with the SV40 ori inserted in the E3 transcription unit (Figure 3a) .
Thirty of the resulting colonies were screened by EcoRI restriction digest (Figure 3d ) and 10 colonies that had the expected correct arrangement of the genome were isolated and further analyzed. These isolated clones were screened by PCR, using SV40 ori specific primers and the expected genetic structure for recombinants was confirmed by Southern blot using a SV40 ori specific probe (Figure 3e ). 293T cells were transiently transfected with Gene Therapy this newly constructed plasmid (pAd520), and it was demonstrated that the replication level of pAd520 has been stimulated by the presence of SV40 ori (data not shown).
We showed that supercoiled DNA could be linearized at a predetermined region using the D-loop technique with a specific oligonucleotide, followed by S1 nuclease treatment. This linearized plasmid could be used in a subsequent in vivo recombination procedure to insert a second small DNA fragment at the site of linearization. Although only 60% of the screened colonies resulted in the desired recombinant, this is a sufficiently high yield to ensure the usefulness of this procedure, especially as the use of standard methods had failed to yield the desired recombinant. Thus we were successful in cloning a small fragment of DNA into a specific region of a much larger plasmid that did not contain unique restriction sites at this position. Specifically, we have introduced the SV40 ori into the E3 transcription region of a cloned adenovirus genome. This success makes the genetic manipulation of large DNA plasmids much simpler and quicker.
In addition, we have used this method with different plasmid/primer combinations to generate several other DNAs, such as to introduce the CMV promoter into E3 and major late promoter (MLP) regions of Ad5 (data not shown) and more recently to construct a E1A substituted mouse recombinant adenoviral vector. With this procedure any sequence can be targeted for cloning or genetic modification without using restriction enzymes and it should be generally applicable to any supercoiled plasmid DNA.
